: Determination of total and non-carbonate carbon in rock samples by a method using infrared absorption. Bull. Geo!. Soc. Finland 62, Part 2,[149][150][151][152][153][154][155][156] Total and non-carbonate carbon were determined by a method using infrared absorption in 20 international geological reference samples, 13 in-house reference samples and 13 other rock samples. For the determination of total carbon, C TOT , the samples were combusted at 1370°C in oxygen flow. Non-carbonate carbon, C NONC , was determined in a similar way but the samples were leached with hydrochloric acid to remove carbonate carbon before combusting. The concentration of carbonate carbon, C0 2 , was calculated from the difference C T0T -C NON c-
Introduction
Carbon is very widely distributed in rock samples ranging all the way from per cent level to ppm level. Although it is usually present in the form of carbonates such as calcite, dolomite and siderite, it may also occur as graphite or even carbide. In the form of graphite or carbonaceous matter (a mixture of graphite and organic matter), carbon is usually present only in small amount, although it may reach a concentration of several per cent in graphite schists and slates (Hillebrand 1953) . Carbon is an essential constituent in many minerals as carbonate carbon or elementary carbon. In addition to these there are a few minerals with CO and CN groups (Wedepohl 1968) . Carbon also occurs in the form of carbon dioxide, methane and hydrocarbons in fluid inclusions, according to Raman spectroscopic and freezing stage observations. These fluid inclusions are common in metamorphic rocks (Roedder 1984) .
Carbon is usually determined in rock analysis either as carbonate carbon or as total carbon, which besides carbonate carbon includes noncarbonate carbon, (graphite and carbon present in organic matter). Most analytical methods for determining carbon in rock samples are based on the formation and liberation of C0 2 by acid decomposition, thermal decomposition or wet oxidation (Potts 1987, Johnson and Maxwell 1981) , and determination of the C0 2 usually by gravimetric (Maxwell 1968) , volumetric (Betelev and Kudachkin 1988) , titrimetric (Riddle and Talerico 1978) , coulometric (Chan 1986, Engleman and al. 1985) , thermal conductimetric (Schofield and al. 1980) or infrared absorption spectrometric (Terashima 1988, Bouvier and Abbey 1980) . The carbonate and non-carbonate carbon can be differentiated by applying acid digestion to remove the carbonate carbon, or by thermodecomposition at temperatures specific for the two types of carbon (Charles and Simmons 1986 , Krom and Berner 1983 , Leventhal and Shaw 1980 .
In this study the CR-12 carbon analyzer (Leco Corporation) of the Geological Survey of Finland was used to determine the content of total carbon (C xox ) and non-carbonate carbon (C NONC ) in 20 international geological reference samples, 13 in-house reference samples and 13 other rock samples. The CR-12 carbon analyzer has been used earlier to determine total carbon in geological samples (Johnson and Maxwell 1981, Krom and Berner 1983) , but our method for determination of non-carbonate carbon after leaching with hydrochloric acid has not been published earlier. The results for calculated carbon dioxide, [C02 = (CXOT-C nonc )* 3.6641 ], in the inhouse and other rock samples were compared with the results obtained by the classical acid evolution -gravimetric method. And the results for C N0NC in the 13 other rock samples were compared with results obtained by the gravimetric method. In the case of the international geological reference samples, the results for C xox , C N0NC and calculated C0 2 were compared with published data.
Experiment

Apparatus
The CR-12 (model 781-600) is a microprocessor-controlled instrument for determining carbon in rock samples as well as in a variety of other materials. The system consists of a measurement unit (model 781-700) and a control console (model 780-00). Ceramic combustion boats (model 529-203) are used to hold the samples. Anhydrous magnesium Perchlorate is used in the drying tubes. (F,C1 absorbent is used for the determination of the non-carbonate carbon). The recommended carrier gas is 99.5% pure oxygen.
For the measurement of the carbon, the sample is combusted at 1370°C in an oxygen atmosphere, where the carbon oxidizes to carbon dioxide. Moisture and dust are removed by two drying tubes and a filter. The carbon dioxide driven with oxygen carrier gas passes through the infrared (IR) cell, where the carbon dioxide absorbs energy at a specific wavelength within the IR spectrum. This wavelength is selectively passed through a filter to an IR sensor, where the concentration of carbon dioxide is detected as an energy level. The energy level is amplified, rectified and converted to a digital signal. The microprocessor formulates the analytical results by combining the outputs of the infrared detector and system ambient sensors with preprogrammed calibration, linearization and weight compensation factors and displays the results on the control console. The printer prints out the results, together with the time and date, I.D. code (the identification of a sample), the calibration number and the carbon as weight per cent.
Procedure
The CR-12 instrument was operated as specified in the manufacturer's manual and calibrated with calcium carbonate (reagent grade, commercial). The calibration was checked with inhouse reference samples or international reference samples. Briefly the procedure for total carbon determination was as follows: About 0.5-1.0 g (depending on the carbon content) of the powdered rock sample was accurately weighed into a ceramic combustion boat, with the powder spread evenly over the bottom of the boat. The boat was then slid into the furnace (temperature 1370°C) using the boat puller. The carbon dioxide was driven off and passed with oxygen carrier gas through the IR cell. The result was displayed as weight per cent.
The procedure for the non-carbonate carbon determination was as follows: 0.5-1.0 g (depending on the carbon content) of the powdered rock sample was accurately weighed into a ceramic combustion boat. The sample was moistened with water and about 4 ml HCl (6 M) was carefully added to the boat to remove the carbonate carbon. The sample was evaporated to dryness on a sand bath at about 120°C. The HCl treatment was repeated twice, after which the sample was washed with water ten times to remove all remaining acid. The boats were dried in an oven at 100°C overnight. The non-carbonate carbon was then determined in the same manner as the total carbon.
The drying tubes usually need to be changed after the determination of about 50 samples. The blank determination was made by analyzing pure quartz in the same manner as the sample.
Gravimetric methods
Carbonate carbon was determined by the classical, acid evolution -gravimetric method (Volborth 1969) . The method was as follows: 1.0-5.0 g of powdered sample was accurately weighed and transferred to the reaction vessel fitted with a condenser. The carbon dioxide was liberated from the sample using hot hydrochloric acid, purified of unwanted volatile constituents by passage through absorbing media and finally collected in the soda -asbestos absorption tube for the gravimetric determination. Air freed of C0 2 was used as carrier gas.
Non-carbonate carbon was determined by gravimetric method in which carbonate carbon was boiled out with mineral acids and the noncarbonate carbon was filtered and weighed. The procedure was as follows: 0.5-1.0 g of powdered sample was accurately weighed in a 100 ml platinum dish, 5 ml of distilled water and 5 ml of concentrated nitric acid were added. After heating of the mixture below the boiling point on a hot plate for 10 minutes, 20 ml of hydrofluoric acid was added and heating was continued until the inorganic matter, except non-carbonate carbon, was decomposed. Then the solution was evaporated to fumes of nitric acid. Concentrated nitric acid (10 ml) and 40 ml of distilled water were added and the solution was warmed. The hot solution was poured into a quartz filtering crucible. The crucible and the washed residue were dried at 110°C for two hours and weighed. The non-carbonate carbon was burned away in a furnace at 1100°C, after which the crucible was weighed again. The loss in weight was the noncarbonate carbon.
Results
Precision and accuracy
The precision of the used method was evaluated from the results of 2 to 43 re-determinations of the international and in-house reference rock samples (Tables 1-7 ). The relative standard deviation was about 1%, 5% or 10% when the carbon content of the sample was 10%, 1% or 0.1%, respectively. The precision of the used method was good, following well the general trend of small values of the relative deviation for samples with high concentrations of constituents and large values for samples with low concentrations.
The used method gave good results (total carbon, C XOT , non-carbonate carbon, C N0NC , and calculated carbon dioxide, C0 2 ,) for 20 international geological reference samples relative to published values (Tables 1-3) . The results for the calculated carbon dioxide [C0 2 = (C xox -C N0NC ) * 3.6641], in 13 in-house reference rock samples, agreed well with the results obtained by the acid evolution -gravimetric method (Tables Govindaraju (1989) Determination of total and non-carbonate carbon in rock samples by a method using infrared absorption 153 Table 3 . Carbonate carbon, C0 2 , in 14 international geological reference samples. % C0 2 = (% C TOT -% C NONC ) * 3.6641. The difference, % C TOT -% C NONC , is calculated from the results in Tables 1 and 2 . SD = standard deviation. [4] [5] . The results for C NONC and C0 2 in 13 other rock samples also agreed well with the gravimetric methods (Tables 6-7) . The values of the replicate blank analysis of the total carbon were obtained by analyzing pure quartz ten times. The standard deviation (s) was 0.0037% C. The detection limit of the total carbon, defined as 3 times the standard deviation (3s) of the blank value, was 0.011% C.
The effective detection limit of the total car- Table 5 . Carbonate carbon, C0 2 , in 13 in-house reference samples determined by infrared absorption method and by acid evolution -gravimetric method. % C0 2 = (% C TOT -% C N0NC ) * 3.6641. The difference, % C TOT -% C NONC , is calculated from the results in Table 4 . SD = standard deviation. Table 7 . Carbonate carbon, C0 2 , in 13 rock samples determined by infrared absorption method and by acid evolutiongravimetric method. % C0 2 = (% C X0T -% C NONC ) * 3.6641. The difference, % C TOT -% C N0NC , is calculated from the results in Table 6 . SD = standard deviation. bon using a sample weight of 0.5-1.0 g was 0.01-0.02% C. The standard deviation (s) of the non-carbonate carbon was 0.0058% C and the detection limit (3s) was 0.017% C. The effective detection limit of the non-carbonate carbon using a sample weight of 0.5-1.0 g was approximately 0.02% C.
Discussion
Errors arising from the incomplete oxidation of the organic carbon to carbon dioxide by combustion can usually be eliminated by using an oxidizing flux such as vanadium pentoxide in the combustion step. The discrepancy between our value and the published value for the noncarbonate carbon of sample ES 681 -1 ( Table 2) was not removed, however, when we made a second determination with V 2 0 5 added as flux. Perhaps volatile and soluble components of the organic carbon were lost during the HCl treatment; for ancient sediments the loss is low, but for recent sediments it may be significant (Durand & Nicaise 1980) . We also observed that too high a drying temperature led to the loss of organic carbon from some samples (also noted by Durand & Nicaise) . The samples SDO-1 (C NONC 9.65%), GXR-2 (C NONC 2.03%) and GXR-5 (C N0NC 0.83%) were dried at 200°C overnight and the results were low: 6.15%, 1.59% and 0.63%, respectively. The subtraction of one large number from another is liable to cause error in the calculated C0 2 when samples with high non-carbonate carbon are analyzed. The sample SDO-1 is an example (Table 3) .
Once the CR-12 instrument is set up and has stabilized the operation is easy. The method is simple and rapid. The measurements of the carbon content for most samples required only a few minutes: about 70 determinations of the total carbon and 40 determinations of the non-carbonate carbon can be made by one analyst daily, compared with 10 determinations with the gravimetric method. The instrument should be cleaned of dust after about 100 determinations of the noncarbonate carbon, and after about 500 determinations of the total carbon. This requires several hours.
Calibration is required and international reference samples or in-house reference samples need to be analyzed daily to confirm the accuracy and stability of the instrument. The method is suitable for determining the carbon content in ancient sediments and in igneous and metamorphic rock samples containing more than 0.01 % C. A sample size of 0.5-1.0 g is recommended.
